The NbCl4 and BBr3, is a chain polymer with edge-linked NbBr6 octahedra and alternating long and short Nb-Nb distances, the latter ascribed to Nb─Nb bonds.
Introduction
Phosphine complexes of niobium chlorides and bromides are known in oxidation states II-V, and with a wide range of stoichiometries and structures, [1] [2] [3] and we recently reported six-and eight-coordinate phosphine complexes with NbF5. 4 Whilst the complexes of niobium(V) chloride and bromide are mononuclear and based upon six-or eight-coordinate metal centres, those in lower oxidation states are more varied. For Nb(IV) with tertiary phosphines, there are well-characterised mononuclear examples with six-e.g. 4 ], which appears to dissociate into a six-coordinate monomer in solution. 8, 9 There is also spectroscopic evidence for the existence of an eight-coordinate [NbCl4(PMe3) 4] monomer in solution. 6 As pointed out by Cotton, 5, 6, 8 the speciation often differs between the solids and solutions in thf or CH2Cl2, and the solution speciation is only partially understood. EPR measurements on the solution species have also proved controversial. 10 Surprisingly, for compounds of the corresponding 4d and 5d metals in the same oxidation state, there are significant differences between the Nb(IV) and Ta(IV) complexes. 6, 8, 9, 11 Even further complexity is caused by the production of mono-or di-nuclear M(III) complexes, under only slightly different experimental conditions, 7, 12, 13 whilst air-oxidation to M(V) complexes readily occurs. We have recently been exploring the chemistry of Nb and Ta complexes in oxidation states III-V with thio-or seleno-ether ligands, and their possible use as single source precursors for NbS2 or NbSe2 films via low pressure or aerosol assisted chemical vapour deposition. 14, 15 The chemistry of Nb(IV) chloride with bidentate group 16 ligands has also proved to be complicated, and in order to obtain a better understanding of the latter, we explored some chemistry with diphosphine ligands, and describe our results below. Only a few complexes of types [NbCl4(diphosphine) 2] or [NbCl4(diphosphine)] have been described previously, 16, 17 and none have been structurally characterised. The structure of [TaCl4(Me2PCH2CH2PMe2)2] 18 has been determined, but curiously the tantalum is coordinated in a square antiprismatic geometry, whilst the Nb(V) or Ta(V) complexes are dodecahedral. 4, 18 Several diarsine complexes of NbCl4 have been briefly described, [19] [20] [21] and the structure of [NbCl4{o-C6H4(AsMe2)2}2]
(dodecahedral) determined. 22 Here we describe the preparations, structural and spectroscopic properties of a series of NbX4 (X = Cl or Br)
complexes incorporating neutral C2-linked diphosphine ligands, illustrating the variability in both the stoichiometries present in this chemistry and the subtle dependence of the structures produced as a function of the diphosphine.
Experimental
Infrared spectra were recorded as Nujol mulls or thin films between CsI plates using a Perkin Elmer Spectrum 100 over the range 4000-200 cm −1 and UV/visible spectra as powdered solids diluted with BaSO4, using the diffuse reflectance attachments of a Jasco V-670 or Perkin Elmer 750S spectrometer. Magnetic measurements 3 were made on a Quantum Design MPMS XL7. 1 H NMR spectra were recorded from CD2Cl2 or CDCl3 solutions using a Bruker AV II 400 spectrometer and are referenced to the residual protio-solvent resonance. 31 
[NbCl4]
NbCl5 (540 mg, 2.0 mmol) and niobium powder (92 mg, 1.0 mmol) were loaded in a thick walled glass tube and the tube sealed in vacuo. The tube was placed in a furnace and heated to 350°C for 2 days. After cooling down, the tube was opened in a glove box and the crystals removed (small amounts of yellow NbCl5 were found at the cooler end of the tube). The brown-black crystals were characterised by powder X-ray diffraction and IR spectra 
[NbCl4(Me2PCH2CH2PMe2)2]
NbCl4 (140 mg, 0.6 mmol) was added to refluxing CH3CN (20 mL), and when the solid had mostly dissolved, the pale green solution was cooled and filtered. A solution of Me2PCH2CH2PMe2 (270 mg, 1.8 mmol) in CH3CN
(ca. 1 mL) was added to the filtrate, when a light green powder formed immediately and then redissolved. The solution was stirred for 1 h, the solvent were reduced to ca. 
X-Ray Experimental
Data collections used a Rigaku AFC12 goniometer equipped with an enhanced sensitivity (HG) Saturn724+ detector mounted at the window of an FR-E+ SuperBright molybdenum (λ = 0.71073) rotating anode generator with VHF Varimax optics (70 micron focus) with the crystal held at 100 K. Structure solution and refinement were performed using SHELX(S/L)97, SHELX-2013 or SHELX-2014/7 and were straightforward 25, 26 except for some disorder. In [NbCl4(Et2PCH2CH2PEt2)2], the Et groups showed disorder which was modelled satisfactorily using split atom occupancies. H atoms were placed in calculated positions. Details of the crystallographic parameters are given in Table 1 .
Powder X-ray diffraction (PXD) data were collected using a Bruker D2 diffractometer (Cu-Kα) and a sealed aluminium sample holder with a hemicylindrical Kapton window. Phase matching and Rietveld refinement used the GSAS package. [27] The sealed sample holder has no beam knife and an artefact is always observed at 50° 2θ when it is used, hence a small excluded region was introduced to remove this artefact.
Results and Discussion
Niobium(IV) chloride has been prepared by reduction of NbCl5 with H2 or a variety of metals including Nb, Al and Zn. 24, 28 We found that reduction of NbCl5 with Nb powder in a sealed tube at 350 °C gave, after removal of any residual NbCl5, a good yield of brown-black needle crystals of NbCl4. 24, 29 These were identified as NbCl4 via PXRD (see Supplementary Information). In contrast, repeated attempts to produce NbBr4 by a similar method from NbBr5 and Nb powder over a temperature range of 300-600°C, failed to give useful quantities of NbBr4, the products containing substantial amounts of Nb3Br8, NbOBr2 and NbBr5. This probably reflects inadequate temperature control, since both reduction of the NbBr5 and disproportionation of NbBr4 occur over a small temperature range [28 However, NbCl4 was easily and cleanly converted into NbBr4 by refluxing with excess BBr3, a route described by Druce and Lappert 30 for many other bromides (although not previously used to obtain NbBr4). The PXD pattern of NbBr4 was noted to be very similar to the literature pattern for NbCl4, 24, 31 except that the peaks were shifted to lower 2θ positions, consistent with the larger anions. Rietveld refinement produced a good fit to this structure ( showing the atom numbering scheme and with ellipsoids drawn at the 50% probability level. Hydrogen atoms and a disordered CH3 are omitted for clarity. Selected bond lengths (Å) and angles (°): Nb1-Cl2 = 2.5228(7), Nb1-Cl1 = 2.5235(7), Nb1-Cl4 = 2.5240(7), Nb1-Cl3 = 2.5273(7), Nb1-P2 = 2.6785(8), Nb1-P1 = 2.6818(7), Nb1-P4 = 2.7111(7), Nb1-P3 = 2.7157 (7) show varying degrees of distortion from the regular polyhedra which are unavoidable given the short chelate bites of the diphosphines. No clear explanation emerges from consideration of this data and it seems probable that the energy differences between the two polyhedral are very small, and the shape adopted in practice may be the result of several small factors which are not easy to identify.
18,43
The far IR spectra of the chloro-complexes show strong ν(Nb-Cl) bands in the regions 320-290 cm -1 very similar to those of the zirconium analogues, 33 but do not seem to distinguish the two geometries (theory D2d b2 + e, D2 b1+ b2 +b3). In the solid state (diffuse reflectance) UV-visible spectra (Experimental Section), for the chlorocomplexes, there are intense bands at ~ 23 000 and ~ 30 000 cm -1 which may be assigned at P(σ) → Nb and Cl(π) → Nb, which are consistent with charge transfer energies in the Nb(V) analogues, 4 and with the six-
. 44 The higher energy regions of the spectra of the bromides are less clearly resolved, but similar. There are two or three weaker overlapping bands in the range 10 000-16 000 cm -1 which may be assigned as d-d transitions, and which agree well with the data reported for several niobium(IV)-diarsine complexes by Kepert. 19, 20 Solution spectra in CH2Cl2 were also recorded, but changed quite rapidly over time 
13
Niobium(V) Products: As we pointed out above, the Nb(IV) diphosphine complexes, are for a 4d metal, surprisingly prone to rearrangement or decomposition in solution; similar comments about the Nb(IV)-PR3 complexes were made by Cotton and co-workers. 5, 6, 8, 9 During the course of our studies we obtained crystal structures of several by-products or products of adventitious hydrolysis/oxidation. by X-ray crystallographic data, the structures are also believed to be based upon eight coordination. As noted for the tertiary phosphine analogues, 5, 6, 8, 9 these complexes are surprisingly reactive for early 4d transition metal complexes, readily undergoing rearrangements and oxidation/hydrolysis in solution.
ESI for this paper also contains the PXRD data on NbCl4 and the refinement, and the X-ray Figure S1 . Fit to the PXD data for NbCl4 (Rwp = 6.92 %, Rp = 5.35%) fitted to the literature structure. 20 
